Soil chemical and topographic properties are two important factors influencing available micronutrient distribution of soil in the horizontal dimension. The objective of this study was to explore the relative influence of soil chemistry (including soil pH, soil organic matter, total nitrogen, available phosphorus, and available potassium) and topography (including elevation, slope, aspect, and wetness index) on the availability of micronutrients (Fe, Mn, Cu, Zn, and B) using structural equation modeling (SEM) at the watershed scale. To do this, levels of soil micronutrients, pH, soil organic matter, total nitrogen, available phosphorus, available potassium, and topographic factors were measured at 523 sampling points of Fanshi County on the Chinese Loess Plateau, and the spatial distribution of soil available micronutrients were analyzed by geostatistical method. The results showed that topography had both direct effects and indirect effect on some soil micronutrients, while the indirect effect indicated effects from topography on soil chemistry and then further on micronutrient concentration. Soil chemistry had direct effects on levels of all soil micronutrients, and topography had direct effects on levels of all micronutrients except for Cu and B, and indirect effects on Fe, Zn, and B. The direct effect of soil chemistry on Fe levels was greater than the total effects (including both direct and indirect) of topography. Topography had a stronger direct effect on Mn than soil chemistry, and topography had less direct but stronger total effects on Zn than soil chemistry. Soil chemistry directly influenced both Cu and B, but topography only influenced B in an indirect manner. The semivariance indicated that the micronutrients had moderate spatial dependency except for B which had weak spatial dependency. Within the spatial distribution of the micronutrients, there was a zone in the middle of the watershed with lower values than in the northern and southern areas for Fe, Mn, Zn, and B, which were related to the characteristics of topography and soil chemistry. These results may guide the management of soil micronutrients of the Chinese Loess Plateau and other similar regions in the world.
Introduction
The availability of soil micronutrients, including iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), and boron (B), plays an important role in crop growth, development, quality, and can eventually impact human health (Farooq et al., 2012) . The levels of available micronutrientsin topsoil vary spatially under different types of parent material, vegetation,topography, climate,fertilizer application, and land use types (Wang et al., 2008) . Thus, improved understanding of the dynamic variationinthese micronutrients and the factors that contribute to their levels in the soil isan important issue.
The influences of soil and topographic properties on topsoil available micronutrients are wildly recognized. Soil properties can affect available micronutrients distribution, including soil organic matter (Rais et al., 2006) , pH (Sims and Patrick, 1978) , moisture regime (Katyal and Sharma, 1991) , and available P (Shuman, 1988) . Topography also influences the availability of micronutrients (Wang et al., 2008; Yi et al., 2012) . To determine the relationships between the micronutrients and influencing factors, descriptive methods of regression or correlation analysis have been usually used. However, these methods consider the measured variable only (Arhonditsis et al., 2006) , limiting assessment of complex influences of soil chemistry and topography on the micronutrients. Better understanding on the factors altering micronutrient availability may be possible if a model can include variables that are not measured but also affect the distribution of micronutrients.
Structural equation modeling (SEM) is a multivariate
statistical method used to examine the intertwined correlation among manifest and latent variables (DelgadoBaquerizo et al., 2015) . In this model, manifest variables are measured directly, while latent variables are not.
Latent variables are predictedfrom the manifest variables, allowing comprehensive understanding of both measurement unreliability and the relationships between latent variables (Stephenson et al., 2006) . For example, Beaumelle (2016) determined the bioavailability of soil cadmium, lead, and zinc by the unmeasured variable reflected by several observed variables. Liu (2016) examined the relationship between two latent variables of "spec", which was explained by the observed variables of spectral reflectance, and "attrib", which was made up of soil salt and moisture in the surface and subsurface soil. The soil on the Chinese Loess Plateau is considered the most highly erodible soil in the world (Tian and Huang, 2000) , and the available soil micronutrient contents are often insufficient for plant growth. The spatial distribution of micronutrients at the watershedmay be affected by the soil chemical and topographic properties. Therefore, the objective of this study was to assess the relative influences of the latent variables, soil chemistry and topography, on available micronutrients and disentangle the complex relationships between these factors using SEM at the watershed scale on the Chinese Loess Plateau.
Materials and Methods

Study site description
A small watershed (39°00′ to 39°30′ N and 113°09′ to 114°00′E) with an area of 2,400 km 2 was selected According to the FAO-90 soil classification system, the main soil types are Calcaric Cambisol, and Calcaric Regosols (Nachtergaele et al., 2008) , the typical soils in Shanxi Province, China. The textures of this area are loam and sandy loam, and the pH varies from 7.2 to 8.6.
Data collection
A total of 523 points were sampled at Fanshi County.
At each location, one sample of 0-20 cm soil layer was collected. The samples were air-dried, ground, and sieved through a sieve of 1 mm. 
Structural equation modeling
Structural equation modeling is a multivariate statistical methodology to estimate the relative relationships between exploratory variables (Kline, 1998) . It includes a structural model and measurement model. is a matrix of factor loading between X and ξ, and Λ y is a matrix of factor loading between Y and η.
For example, the matrices for the exogenous variable measurement model of Fe are
The estimate of coefficients (λ i ) in the matrix of Λ x can be standardized and described as standardized path coefficients (SPCs).
Data analysis
The classical statistics and Pearson correlation analysis were calculated using the IBM SPSS 19.0 (SPSS Inc.).The spatial patterns of available micronutrients were determined by the geostatistical analysis of Arc-GIS 10.1 (ESRI Inc.).
All the observed variables were normalized between 0 and 1 to minimize the variation of each observed variable. A conceptual SEM was established based on previous studies (Hu and Si, 2014; Zhu et al., 2014) . This 
Results
Descriptive statistical analysis
Descriptive statistics for micronutrients, soil chemical parameters, and topographyare listed in The ranges of AK, elevation, and aspect were higher, and must to be normalized to minimize the variations with other observes. 
Spatial analysis of soil available micronutrients
Semivariances of the micronutrients were fitted well by the exponential model, which was selected over other commonly used models (i.e., spherical, Gaussian, and linear models) because of the minimum mean squared error ( (Cambardella et al., 1994) . This indicated that Fe, Mn, Cu, and Zn had moderate spatial dependency and B exhibited weak spatial dependency in the watershed. 
Effects of observed variables on latent variables of soil chemistry and topography
To obtain good fitting models while avoiding excessive parameters, Modification Indices (MIs) were used to include the residual covariance for MI values (Table 5) . Additionally, a ratio of χ 2 to the degrees of freedom (df) being less than 3, indicates that the structure and parameters of the model were satisfactory (Hoe, 2008 
Effects of soil chemistry and topography on soil available micronutrients
In the model for available Fe, the direct pathways from topography to Fe and from soil chemistry to Fe were statistically significant (Figure 4a ).
Additionally, the indirect pathway from topography via soil chemistry to Fe was also significant. The total effect of soil chemistry to Fe (0.47) was greater than the effect of topography (0.39; Table 6 ).The SEM of Fe explained 25% of the variation in Fe. Table 6 . Standardized direct, indirect, and total (including both direct and indirect) effects of soil chemistry and topography on micronutrients.
← represents the effects of other variables on it.
Zn. The total effect of topography on Zn (0.35) was greater than the effect of soil chemistry (0.26; Table   6 ), although the direct effect of soil chemistry was larger than the direct effect of topography. Finally, the SEM of Zn explained 13% of the variation in Zn.
For B, the direct pathway from topography was not significant, but the direct pathway from soil chemistry and the indirect pathway from topography via soil chemical properties were both significant ( Figure   4e ). Additionally, both topography and soil chemistry were positively correlated with B, and the total effects of topography and soil chemistry on B were 0.21 and 0.32, respectively (Table 6 ). The SEM of B explained 11% of the variation in B.
Discussion
The availability of micronutrients can be affected by many factors. In the present study, the correlation of micronutrient levels and soil chemistry or topography were analyzed by Pearson correlation. The correlation coefficients suggest that the distribution of Cu was For Mn, the direct pathways from topography and soil chemistry were statistically significant, and the indirect effect from topography via soil chemistry was 0.06 ( Figure 4b ). Correlations between Mn and topography or soil chemistry were significantly positive, and total effects of both factors onMn were 0.31 and 0.13, respectively (Table 6 ). However, the SEM only explained 8% of the variation of Mn.
For Cu, the direct pathway from topography was not significant, but the direct pathway from soil chemistry was significant (P<0.05; Figure 4c ). The indirect pathway from topography via soil chemistry was insignificant and the SPC was 0.05. Therefore, the level of Cu was only directly correlated with soil chemistry.
The total effects of topography and soil chemistry on Cu were 0 and 0.10 (Table 6 ). The SEM of Cu accounted for only 1% of the variation, a much lower value than others.
For Zn, the direct pathways from topography and soil chemistry and indirect pathway from topography via soil chemistry were significant (Figure 4d ). Topography and soil chemistry were positively correlated with different from the distribution of other micronutrients in cultivated land at the watershed scale.
SEM was used to assess the relative effects of soil chemistry and topography on the levels of these micronutrients. The specific parameters of SEM were tested by the chi-square (χ 2 ) test. Although the fitting parameters of these SEMs satisfied the acceptable value,the P values were low. According to a previous report, theχ 2 test is highly sensitive to sample size, especially for observations larger than 200 (Hooper et al., 2008) . In our study, the sample size was 523, which may contribute to the low P values obtained
The results of SEM demonstrated that soil chemistry, as determined by the observed variables of SOM, TN, pH, AP, and AK, significantly affected the distribution of all the micronutrients. Previous studies demonstrated that soil pH is a major factor that influences the migration and transformation of micronutrients, and soil organic colloids can absorb and accumulate micronutrients (Sharma et al., 2004; Zhao et al., 2012) .
Additionally, soil nitrogen, phosphorus, and potassium level can affect the availability and distribution of micronutrients (Li et al., 2007) . The strength of the effect of soil chemistry on micronutrients was ranked as Fe > B > Zn > Mn > Cu according to the determined SPCs.
Topography, which was characterized by elevation, slope, aspect, and topographic wetness index, had a direct effect on soil chemistry and available micronutrients of Mn, Zn, and Fe. Elevation was considered due to its great variability in the study region (ranging from 864 to 2183 m) and its influence on microclimate and thus soil-forming processes (Charan et al., 2013) . Slope is related to soil erosion and deposition processes and affects the distribution of soil horizons. Aspect is related to the amount of solar energy received by the slope and affects plant growth and soil water content which, in turn, influence soil properties (Beguería et al., 2013) . A multiple flow direction algorithm was employed to determine the catchment area (Freeman, 1991) . The topographic wetness index was derived from the slope and catchment area parameters (Moore et al., 1991) , and is related to the soil moisture redistribution in the landscape or soil erosion and accumulation (Chi et al., 2009) . Moreover, the strength of the direct effect of topography on micronutrients was ranked as Mn > Zn > Fe according to the calculated SPCs.
Topography also had indirect effects on the availability of Fe, Zn, and B though modifying soil chemistry, and the strength of the indirect effect of topography on micronutrients was ranked as Fe > B > Zn.
The effect of soil chemistry on Fe was very strong and the effect of topography on Fe was also significant, possibly because the morphology of Fe oxides is related to the topography. The topography exerted more influence on Mn than did soil chemistry. According to previous reports, microclimate and waterlogged conditions can affect the availability of Mn (Millaleo et al., 2010) , which may explain our observed effects of topography on Mn distribution. The direct effects of soil chemistryand topography on Zn were almost equal. The explanation for this is that Zn was determined exclusively by adsorption-desorption reactions at pH below 7, but precipitationdissolution reactions of Zn might occur at alkaline pH values (Gerhard et al., 1983) , and therefore this procedure could easily be affected by topography.
There were no direct effects of topography on Cu and B because the moving and leaching amount were very small, especially under high alkaline conditions. However, there was significant indirect effects of topography via soil chemistry on B.
The spatial distribution of available micronutrients, Zn and Mn were very similar, possibly due to equivalent effects of topography on these two nutrients. The maps of Fe and B were also very similar, possibly due to the similar strong effects of soil chemistry. The map of Cu was different from the others.
The effect of variation of topography and soil chemistry to available micronutrients in SEM were ranked as 
Conclusions
In the present study, the relative influences of soil chemistry and topography on the availability of mi- The study area is a small watershed located in the Chinese Loess Plateau, which occupies 30% of northern China. Overall, the results obtained from this study can be used to understand the spatial dynamic of soil micronutrients in other locationswith similar landscape. SEM is a direct method that can explore the relative effects of influencing factors on available micronutrients. Therefore, this method has great potential in revealing potential factors affecting soil micronutrients.
